NiCoO 2 microspheres were successfully synthesized via an easy hydrothermal method, followed by an annealing process at 350 C under a nitrogen atmosphere. The X-ray diffraction results show that a single phase NiCoO 2 was synthesized. The results of electrochemical measurements show that the NiCoO 2 exhibits a high specific capacitance of 760 and 470 F g À1 at current densities of 1 and 16 A g À1 , respectively, and the specific capacitance retention is 40.9% after 5000 cycles at the current density of 16 A g
Introduction
Clean energy conversion and storage devices have attracted great attention. Currently, supercapacitors, as a clean energy conversion and storage technology, have drawn intensive research attention in the past several years due to their high power densities, short charging times, safe operation mode and long cycle life. [1] [2] [3] [4] [5] [6] The electrode material, as an important component of a supercapacitor, plays a key role to gain high supercapacitor performances. 7 Many kinds of materials have been considered as the electrode materials for supercapacitors, and they can be divided into three main kinds of electrode materials:
8 carbonaceous materials, 9 transition metal oxides 10 and conducting polymer materials. 11 However, many carbonaceous materials show low specic capacitance, and the conducting polymer materials exhibit poor electrical conductivity, leading to limited practical applications of these electrode materials for supercapacitors. 12, 13 Therefore, it is important to search for novel electrode materials, which show high electrical conductivity, large specic capacitance and high cyclic stability. Thus transition metal oxides as electrode materials have been widely investigated because of their alternative redox properties and high theoretical specic capacitance values.
14 Especially, some transition metal oxides, such as MnO 2 Aer cooling down to room temperature, the precipitate was centrifuged and washed with distilled water and ethanol. Then, the obtained precipitate was dried at 60 C for 6 h. Finally, the dried precipitate was calcined at 350 C for 3 h under nitrogen atmosphere.
Characterization
The crystal structure was characterized by X-ray diffraction (XRD, Bruker D8 discover) using Cu Ka radiation at 40 kV and 40 mA. The morphology was examined by eld emission scanning electron microscopy (FE-SEM, Zeiss SUPRA 40) and transmission electron microscopy (TEM, JEM-2100). X-ray photoelectron spectroscopy (XPS, ESCALAB250Xi) was used to characterize valence states of the sample. The specic surface area and pore size distribution of the sample were performed by Brunauer-Emmett-Teller (BET) nitrogen adsorption-desorption and Barrett-Joyner-Halenda (BJH) methods (Autosorb-iQ).
The electrochemical characterizations were carried out in a CS 350 electrochemical workstation (CorrTest, Wuhan) at room temperature using 3 M KOH solution as electrolyte solution. A three-electrode system was used in the measurement. Nickel foam coated with electroactive materials was used as the working electrode. Platinum and Hg/HgO electrode (1 M NaOH solution) were served as the counter electrode and the reference electrode, respectively. The working electrode was fabricated by mixing the as-prepared products, carbon blacks and polytetrauoroethylene (PTFE) with a weight ratio of 70 : 20 : 10 to form homogeneous paste, which was coated onto nickel foam with the area of 1 cm Â 1 cm. Aer drying in a vacuum oven at 50 C for 5 h to remove the solvent, the nickel foam was then pressed at 10 MPa for 2 min by bead machine. The mass of active materials loading on the nickel foam with the area of 1 cm Â 1 cm was about 3-5 mg. Cyclic voltammetry (CV) tests were performed from À0.1 V to 0.8 V at a scan rate of 5, 10, 20, 40, 60 and 100 mV s À1 . Galvanostatic charge-discharge (GCD) tests were performed at a current density of 1, 2, 4, 6, 10 and 16 A g À1 with the potential window from 0 V to 0.55 V. Electrochemical impedance spectroscopy (EIS) measurements were measured at a frequency range from 10 5 Hz to 0.01 Hz with an amplitude of 3 mV. Fig. 2(a) shows the survey spectrum of the sample. It clearly showed the peaks of Ni, Co, O and C elements. The C element can be attributed to the exposure of air. Fig. 2(b) shows the spectrum of Ni 2p, which was composed of two spin-orbit doublets and two shakeup satellites. As reported in ref. 41 there are four easily discernible features in Ni 2p spectrum, they are the Ni 2p 3/2 main peak and its satellite, and the Ni 2p 1/2 main peak and its satellite, respectively. The tting peaks at 854.2 and 856.0 eV are corresponding to Ni 2p 3/2 , whereas the peaks at 871.8 and 873.7 eV are corresponding to Ni 2p 1/2 . The peaks Sat.1 at 861.2 eV and Sat.2 at 879.1 eV are ascribed to the two shakeup satellites of Ni main peaks. The peak of Ni 2p 3/2 at 854.2 eV is ascribed to local screening from lattice oxygen adjacent to the Ni 2p core hole. 41 And the existence of peak at 856.0 eV is prevalent, suggesting a higher hydroxylation of NiO in the composite oxide surface, 42 which can be further conrmed by the O 1s spectrum. The binding energy peaks of Ni 2p 1/2 are consistent with that of Ni 2p 3/2 . The tting results show the appropriate binding energies of Ni 2p, indicating that the divalent oxide state of Ni was existed in sample.
Results and discussion

Structure characterization
41 Fig. 2(c) shows the core level spectrum of Co 2p. The tting peak at 780.1 eV and 797.0 eV is corresponding to Co 2p 3/2 and Co 2p 1/2 , respectively, and these two peaks could be indexed to Co 2+ . 43, 44 In addition, the shake-up satellite peak Sat.1 located at 785.8 eV has a separation energy of $5.2 eV with Co 2p 3/2 at 780.1 eV, while the shake-up satellite peak Sat.2 located at 802.2 eV has a separation energy of $5.2 eV with Co 2p 1/2 at 797.0 eV. The energy gap between the Co 2p main peak and the satellite peaks is related to the oxidation states, and the energy gaps are about 6.0 eV and 9-10 eV for Co 2+ and Co 3+ .
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The results prove that the divalent oxide state of Co was existed in sample. The high resolution spectrum for O 1s peak in Fig. 2 The morphologies of NiCoO 2 sample were characterized by SEM and TEM. As shown in Fig. 3(a) , NiCoO 2 sample showed the microspheres with different size in the low-magnication SEM image of sample. The diameter of the sphere varied from 1 mm to 6 mm. Furthermore, the microspheres are assembled by a large amount of nanowires according to the highmagnication SEM images as shown in Fig. 3(b) . To identify the distribution of element in sample, the element mappings of Ni, Co and O were examined by energy dispersive spectroscopy (EDS). Fig. 3(c) is a typical microsphere of sample, and the element mapping of Ni, Co and O were included. It can be seen clearly that Ni, Co and O elements are uniformly distributed in the microsphere, and that the ratio of three elements is around 1 : 1 : 2, which corresponded with the composition of NiCoO 2 . Fig. 3(d)-(f) show TEM images of the samples. Pompon shape was observed in samples, and this is consistent with the morphology results of SEM. The high-magnication TEM image revealed that the nanowires in pompon were composed of nanoparticles. Fig. 3 (e) selected area electron diffraction (SAED) pattern showed ring patters, which revealed that the nanowire in pompon has a polycrystalline structure. These rings could be assigned to the (111), (200), (220), (311), (222) and (400) crystal planes of NiCoO 2 , which is consistent with the observation of XRD results. The lattice spacing of 0.208 nm is attributed to the (200) crystal plane of NiCoO 2 sample, as shown in the HRTEM image of Fig. 3(f) .
The results of XRD, TEM, EDS and XPS conrm that single pure phase of NiCoO 2 with pompon shape was obtained in present research, and the pompon with different diameter is composed of nanowires, which were composed of NiCoO 2 nanoparticles.
The porous structure of sample was evaluated by BrunauerEmmett-Teller (BET) N 2 -adsorption-desorption analysis. The N 2 adsorption-desorption isotherm and pore size distribution were shown in Fig. 4 . The BET specic surface area is about 88.3 m 2 g À1 . As can be seen from Fig. 4 , the typical type IV hysteresis loop can be observed in the region of P/P 0 from 0.6 to 1.0, which illustrates the existence of a mesoporous structure in sample. 43, 49 The pore size distributions, which were shown in insert of Fig. 4 , were calculated by the Barrett-Joyner-Halenda (BJH) method. It shows that sharp peaks are located at 2.7 nm and 11.0 nm, illustrating a few mesoporous were presented in NiCoO 2 samples. Such results are consistent with the results of SEM and TEM results. The rich internal mesoporous structure could increase the contact area between electrode and electrolyte, leading to more sufficient active sites for redox reaction and efficient transport of electrons and ions. 43, 49 Therefore, the high surface area and mesoporous structure of NiCoO 2 sample are benec for application in supercapacitor. With the increase of scan rate, a shi toward higher and lower potentials was observed for the oxidation and reduction peaks, respectively. As shown in inset of Fig. 5(b) , this shi leading to the increase of the potential difference between redox peaks. It indicated that the irreversible degree of the quasi-reversible reaction increased with the increase of scan rate. The shi is mainly related to the internal resistance of the electrode and the polarization caused by high scan rate.
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The specic capacitance of samples can be calculated by using the following equation: 
where
) is the specic capacitance, I (V) (A) is cathodic current, m (g) is the mass of the active material used to prepare the electrode, v (mV s
À1
) is the potential scan rate, and V (V) is the sweep potential window. Fig. 5(b) presents specic capacitance dependent on the potential scan rate. The specic capacitance decreased with the increase of scan rate. The specic capacitance was 1461 F g À1 at a scan rate of 5 mV s
, and it decreases sharply to be 924 F g À1 at a scan rate of 10 mV s
, then the capacitance decreases slightly with the continue increase of scan rates. Anion of OH À could reach the electro-active sites adequately for slow scan rate, but only the electrode surface could be utilized to store charges during the electrochemical reaction process for fast scan rate, leading to the decrease of specic capacitance with increase of scan rate.
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As shown in Fig. 6(a) , the GCD curves of NiCoO 2 electrodes were measured at different current densities of 1, 2, 4, 6, 10 and . The inset in (b) is the plots of anodic and cathodic peak current against the square root of the scan rate. pseudocapacitance behavior, and the potential plateaus corresponded with the redox reaction, which was consistent with the CV curves in Fig. 5(a) . The specic capacitance could be calculated from the galvanostatic charge-discharge curves according to the following equation:
where C m (F g À1 ) is the specic capacitance, I (A) refers to the current density used for the charge-discharge measurements, Dt (s) refers to the time elapsed for the discharge cycle in the potential window, DV (V) represents the voltage interval of the discharge measurement, and m (g) denotes the mass of active material in the working electrode. Fig. 6(b) shows the dependence of the specic capacitance on the current density. The specic capacitance decreased with the increase of current density, which could be attributed to the reduce of effective contact between ions and electroactive sites of electrode at high current rate. 54 The specic capacitance could be calculated to 760, 700, 636, 598, 538 and 470 F g À1 at various current densities from 1, 2, 4, 6, 10 and 16 A g À1 , respectively. The specic capacitance showed small loss under the current density increasing, and it was only 38% when the current density increased from 1 to 16 A g À1 . The high performance at high current density could be attributed to the excellent microstructure. The pompon assembled with nanowire facilitates ion permeability, and the pompon could be served as ion reservoir. The diffusion distance of electrolyte to electro active sites is decreased largely, as is benecial for the rapid redox reaction at high current density. 43, 49 A cycle stability of NiCoO 2 electrode was also evaluated by the repeated charge-discharge measurement at 16 A g À1 for 5000 cycles. As shown in Fig. 6(c) , the specic capacitance of the samples decreased slowly, and approximate 40.9% of the initial specic capacitance was retained aer 5000 cycles, indicating ne long-cycle stability in NiCoO 2 sample with pompon structure. The insert in Fig. 6(c) is the coulombic efficiencies of NiCoO 2 during the 5000 chargedischarge cycles, it was remained around 97.3% to 99.8%. The ne long-term cycle properties might attributed to the low internal electron transport resistance during the chargedischarge process. 55 Furthermore, the CV curves at 20 mV s
À1
and GCD curves at 16 A g À1 of NiCoO 2 electrode aer 5000 charge-discharge cycles were investigated. Comparing to that before 5000 cycles, the electrode shows weaken electrochemical properties, which can be seen in Fig. 6(d) and (e). The CV and GCD curves all show around 40% retention of specic capacitance aer the 5000 th cycle.
The electrochemical impedance spectroscopy (EIS) was used to evaluate the electrical resistance responses of the NiCoO 2 electrode materials. Fig. 6(f) shows the Nyquist plots of NiCoO 2 before and aer 5000 charge-discharge cycle measurement. The EIS spectra could be tted according to the equivalent circuit diagram inserted in Fig. 6(f) . R s is the internal resistances of the electrode, including the total resistances of the electrode resistance, the bulk electrolyte resistance and the resistance at electrolyte-electrode interface, 56 and R ct is the charge-transfer resistances, corresponding to the semicircle in the highfrequency region.
57,58 The tted R s and R ct values are very small, and the low values are benecial for long-cycle stability. Aer 5000 cycles, the R s value increased from 0.71 U to 1.81 U, and the R ct value increased from 0.45 U to 0.84 U. The linear part at low frequency region representative of the typical Warburg resistance (W 1 ), 59 and the CPE 1 represents double layer capacitance caused by the rough surface of NiCoO 2 samples and inhomogeneous distribution of active sites. 37 For an ideal supercapacitor, the Nyqusit plot should be a vertical line at a low frequency, which is parallel to the imaginary impedance axis. 34 The slope of line increased from 2.32 to 2.67. The curve becomes more vertical in the low-frequency range aer 5000 cycles, indicating that the electro active material becomes more capacitive aer long-term cycling.
60 EIS results further indicate that NiCoO 2 sample with micro pompon structure show low internal and charge-transfer resistance, and stable electrochemical stability.
Conclusions
In summary, NiCoO 2 micro pompon sample were successfully prepared by a facile hydrothermal method. The micro pompon was assembled with nanowire, and the nanowire is composed with NiCoO 2 nanoparticles. Electrochemical measurement results display that the micro-sphere NiCoO 2 materials have the remarkable electrochemical behavior. The specic capacitance was 760 F g À1 at a current density of 1 A g À1 . The specic capacitance showed small loss under the current density increasing, and it was only 38% when the current density increased from 1 to 16 A g À1 . In addition, the NiCoO 2 micro pompon with low internal and charge-transfer resistance exhibited ne long-cycle stability, around 40.9% of its initial specic capacitance was maintained aer 5000 chargedischarge cycles. The excellent electrochemical properties make the NiCoO 2 micro pompon sample be the promising candidate electrodes materials of supercapacitor in practical applications.
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